The early development and progression of chronic nephropathy and its amelioration by moderate and marked dietary restriction (DR) was determined in Sprague-Dawley (SD) rats at 20, 33, 60, and 113 weeks of age. Both sexes of SD rats were overfed ad libitum (AL) or DR-fed at 72-79%, 68-72%, or 47-48% of the adult AL intake. The AL-fed rats rapidly developed increased body and kidney size, increased glomerular area (GA) and urinary protein loss, followed by declining creatinine clearance. Early increased kidney growth and glomerular hypertrophy by 20 weeks preceded increases in glomerular sclerotic index (GSI), 7-day BrdU tubular labeling index (TLI), and the lesions associated with chronic nephropathy. The glomerular number (GN) or the number of nephrons did not differ between the groups over the course of the study. Moderate DR (68-79% of AL) prevented the increased kidney size and GA at 20 weeks and delayed increases in GSI and TLI until 60 weeks of age. Marked DR (47&mdash;48% of AL) prevented increases in kidney size, GA and TLI at 20 weeks, and GSI at 60 weeks of age. In AL-fed rats, the early increase in GA predicted the early onset of proteinuria and the later decrease in creatinine clearance, and increased GSI, TLI, and mortality from severe nephropathy. The temporal and dose-related effects of increasing degrees of DR demonstrated that while nephron numbers were unchanged with age, the early development of glomerular hypertrophy was the critical morphological biomarker predicting the progression and severity of chronic nephropathy. Caloric restriction by DR prevented or delayed the development of glomerulosclerosis, tubulointerstitial damage, functional changes, morbidity, and mortality associated with chronic nephropathy in AL-overfed SD rats by controlling initial body and kidney growth, glomerular size, and nephron hypertrophy. These results indicate that control of body and renal growth by DR may be essential to prevent the development and progression of glomerulosclerosis in spontaneous nephropathy of laboratory rats.
INTRODUCTION .
Chronic nephropathy, also called chronic renal disease, chronic progressive glomerulonephropathy, chronic nephrosis, and so on, is a common age-related spontaneous renal disease affecting most stocks and strains of laboratory rats fed ad libitum (AL) in chronic bioassays (4, 12, 14, 18, 29, 39, 42, 43) . Its incidence and severity are greater in males than in females, and the insidious loss of renal function over time results in polydipsia, polyuria, proteinuria, severe changes in physiology and mineral homeostasis, secondary hyperparathyroidism, fibrous osteodystrophy, renal failure, and early mortality (4, 12, 14, 38) . Spontaneous chronic nephropathy will affect the distribution, metabolism, and excretion of xenobiotics and thus interfere with the evaluation of compound-induced lesions in the kidney and other tissues (16, 17) . Chronic nephropathy may lower bioassay sensitivity and confound the interpretation of chronic toxicity and carcinogenicity studies (16, 17, 23) .
Dietary factors, particularly total caloric intake and dietary protein content, are known to affect the nephropathy in rats (1, 15, 18, 22, 24-26, 30-32, 40) . In Fischer 344 (F344) rats, reducing dietary protein concentration from 23 to 15% decreased the relative severity of nephropathy without reducing body weight (40) . Modifying the diet by replacing casein with soybean as the source of dietary protein retarded chronic nephropathy in F344 rats when caloric intake and body weights were similar between groups (22, 31) . However, a 40% restriction of dietary protein intake in F344 rats without restriction of caloric intake had only minor effects on longevity because few other aging processes were altered (22, 31, 32) .
Moreover, in F344 rats a 40% caloric restriction without protein restriction was as effective as caloric restriction with protein restriction in increasing longevity (30) . In Sprague-Dawley (SD) rats, reducing protein concentration in modified diets from 21.4 to 13 .6% did modify the severity of nephropathy but did not improve survival if fed AL (15, 24, 26) . However, feeding both diets at isocaloric DR levels was equally effective in improving 2year survival and reducing the incidence and relative severity of nephropathy at 1 year, although quantitative differences were seen in the progression of glomerulosclerosis (15, 24, 26) . Similar results have been reported in Wistar rats fed natural product diets with reduced protein content (42) . Thus, AL feeding of diets with reduced protein content results in only a small beneficial effect on chronic nephropathy progression and does not consistently improve survival compared to DR (15, 24, 30, 31, 42) . These studies indicated that controlling caloric intake is more effective than reducing protein intake in preventing renal disease and improving longevity.
The development and progression of chronic nephropathy to end-stage renal disease has been considered to follow common pathways relatively independent of the initial insult (5, 21, 27, 36, 41, 46) . Elevated intraglomerular capillary hydrostatic pressure and plasma flow are the principal pathological factors observed in rat models of diffuse glomerulosclerosis including diabetes, spontaneous hypertension, and renal ablation (2, 3, 6, 19, 20, 28, 51) . Nephron loss and injury have been shown to induce local production of growth promoters to produce glomerular hypertrophy and mesangeal expansion and eventually glomerulosclerosis (8, 9, 46, 47) . However, it is not known whether a loss of nephron number occurs in rats with spontaneous nephropathy (4, 11, 35, 46, 47) . Moreover, in aging F344 rats glomerular dysfunction is associated with excessive growth but not with changes in the mesangeal cell function, contraction, or proliferation (33) . Thus, the initial morphologic events leading to the development of chronic nephropathy and the effects of dietary restriction in ameliorating these early events remains to be established.
Previous studies of the effects of dietary modification and moderate DR on spontaneous nephropathy in SD rats indicated that glomerular hypertrophy at 1 year preceded the development and progression of glomerulosclerosis and tubulointerstitial lesions by 2 years (15, 26) . The influence of different degrees of DR on early glomerular hypertrophy and renal growth are presently unknown in SD rats. The objective of this study was to obtain crosssectional and longitudinal morphologic and functional data on male and female SD rats fed AL or at different degrees of DR to determine the early morphological changes and whether DR influences the progression and severity of the disease at the level of the glomeruli, renal tubules, or interstitium.
MATERIALS AND METHODS
Animals and Dietary Regimens. SD rats (380 male and 380 female) (Crl:CD(SD)IS BR) were obtained from Charles River Laboratories, Raleigh, NC,. They were 7 weeks old, weighing 172-266 g for males and 134-213 g for females at the start of the study. The rats were assigned to 4 study groups using a randomized columnar allocation scheme based on body weight and were identified by biometric implants. They were housed in individual stainless-steel wire cages in an environmentally controlled room with a 12-hour light/dark cycle. The animals were distributed into cohorts of 15/sex/group for the 13-, 26-, and 53-week interim necropsies and 50/sex/ group for the final 106-week necropsy.
Purina PMI Certified Rodent Diet was provided ad libitum (AL) or as measured amounts for the 4 study groups as follows: Group 1 was AL-fed and consumed approximately 23.6 (range 19.8-29 .0) g/day for females and 30.4 (range 26.4-33. 3) g/day for males. Group 2 was provided with approximately 17 and 24 g/day to females and males, respectively. Study group 3 was provided with approximately 16 and 22 g/day for males and females, respectively. Group 4 was provided with approximately 11 and 14.5 g/day to females and males, respectively. Females in groups 2, 3, and 4 consumed approximately 72, 68, and 47%, respectively, as much food as the group 1 AL-fed females. Males in groups 2, 3, and 4 consumed approximately 79, 72, and 48%, respectively, as much food as the group 1 AL-fed males through 104 weeks.
The PMI Certified Rodent Diet formulation 5002 composition was approximately 21% protein, 4.5% fat, 55% carbohydrates, and 4.1 % fiber and contained 3.1 kcal/g of metabolizable energy. Food was withdrawn overnight prior to scheduled bleedings, urine collection, minipump implantation, and necropsies. Drinking water was available AL. All animals were dosed daily by oral gavage with 0.5% aqueous methylcellulose at a dosing volume of 5 mg/kg. The Institutional Animal Care and Use Committee at Merck Research Laboratories, West Point, PA, approved all procedures in this study.
Clinical Evaluations. All rats were observed daily for clinical signs and mortality and were weighed pretest, once in study week 1, twice through study weeks 13, and weekly thereafter. Food consumption was determined on all animals weekly, either by direct measurement of food intake over a 2-4-day interval (group 1) or by direct observation of the consumption of the measured allotments given to groups 2, 3, and 4. Food wastage was measured on 20 rats/sex/group on study weeks 6, 12, 24, 48, and 96. Hematology, serum biochemistry, and urinalyses were conducted during study weeks 4, 7, 12, 13, 25, 27, 39 , and 51 on 15 rats/sex/groups assigned to the interim necropsies and on study weeks 79, 80, and 100 on all surviving rats. With the exception of data collected on urinary protein, creatinine clearance, and urinary protein electrophoresis performed on study week 100, these clinical pathology data will be reported separately.
Osmotic Minipump Implantation. One week prior to the 13-, 26-, and 52-week interim necropsies (15 sex/ group) and the 106-week final necropsies (9-15 rats/sex/ group), animals were implanted with osmotic minipumps (model #2ML1, 2ML, Elza Corporation, Palo Alto, CA) for 7-day delivery of 5-bromo-2'-deoxyuridine (BrdU; Sigma Chemical Co, St. Louis, MO). The minipumps were loaded with 50 mg/ml BrdU in a 0.5-N sodium bicarbonate solution. The minipumps were surgically implanted subcutaneously in rats under Isoflurane inhalation anesthesia through a small dorsal midline skin incision. The incisions were closed with surgical staples and the rats returned to their cages until scheduled necropsies.
Determination of Creatinine Clearance. On study weeks 39, 51, 79, 80, and 100, fasted rats were placed in metabolism cages with drinking water to collect 18-hour urine samples. Plasma and urinary creatinine were measured along with routine urinalyses. In addition, urine electrophoresis was performed on the 100-week urine samples. Creatinine clearance (ml/min) was defined as urinary volume (ml/min) times urinary creatinine concentration (mg/dl) divided by serum creatinine concentration (mg/dl). Serum creatinine was measured from an orbital blood sample from the fasted rats. The clearance was adjusted for body weight to determine the relative creatinine clearance (ml/min/kg body weight).
Necropsy and Histopathology. At the scheduled necropsies, all rats were killed by exsanguination under deep anesthesia, and the minipumps were removed prior to obtaining terminal body weights, organ weights, and tissue sampling. A complete gross examination was performed on all animals, and tissues from an extensive list were weighed and sampled for histopathology to be reported separately. For this study, both kidneys were weighed, sampled, and fixed in 10% neutral buffered formalin, and histological sections of paraplast-embedded tissues sectioned at 5 Rm were stained with hematoxylin and eosin and BrdU immunohistochemistry. Adjacent 3-pLm sections were taken for special histochemical stains as previously described (10, 15, 26) for the following stereological procedures.
Stereology and Cell Proliferation Studies. Four indices were used to quantify renal changes in the kidney sections from each rat. Glomerular Area and Glomerular Number. The glomerular area (GA) (pLm2) was analyzed using 3-/-Lm kidney sections stained with periodic acid-Schiff (PAS). At least 100 randomly chosen glomeruli were selected within the cortex at a magnification of X 100 using an Olympus BH-2 Olympus microscope, a Sony 3 CCD video camera, and the Bioquant/TCW image analysis software. Using Bioquant/TCW software, each glomerulus was traced inside the basement membrane of the Bowman's capsule. The regions of vascular and urinary poles and areas of tuft adhesions to Bowman's capsule were included in the traced area. The area (pLm2) and perimeter (pLm) were determined by the software and mean values were calculated for each animal.
For glomerular number (GN), the numerical density was calculated from direct measurements to determine the number of glomeruli per cubic centimeter of cortex. To determine the volume of the kidney cortex, the area of cortex was measured and divided by the entire kidney area and represented as a percentage. The corrected kidney cortex volume was calculated by multiplying the kidney weight by the percentage cortex with the assumption that 1 g of tissue is equal to 1 cm3. The number of glomeruli per kidney was then determined by multiplying the number of glomeruli per cubic centimeter by the corrected kidney cortex volume.
Glomerular Sclerotic Index. The glomerular sclerotic index (GSI; %) was analyzed using 3-pLm kidney sections stained with PAS stain. At least 50 randomly chosen glomeruli were selected within the cortex at a magnification of X400 using an Olympus BH-2 Olympus microscope, a Sony 3 CCD video camera, and the Bioquant/TCW image analysis software. Using Bioquant/TCW software, each glomerulus was traced inside the basement membrane of the Bowman's capsule as described previously. The sclerotic index was obtained by measuring the total area (pLm2) of each glomerulus and then measuring the area of the PAS-positive magenta-stained regions within the glomerulus. The sclerotic index was calculated for each glomerulus by dividing the total PAS positive area (pLm2) by the total area (RM2) of the glomerulus multiplied by 100. A mean sclerotic index was calculated for each animal. BrdU Tubular Labeling Index. The 7-day cumulative DNA synthesis (BrdU nuclear labeling) of cortical tubular epithelium was measured by scoring approximately 2,000 random tubular epithelial nuclei per kidney. To acquire approximately 2,000 nuclei, 20 fields per animal at a magnification of X400 were analyzed by the CHRIS (Cytology/Histology Recognition System) computer software system. The BrdU percentage tubular labeling index (TLI; %) was calculated by dividing the number of labeled tubular nuclei by the total number of tubular nuclei scored and multiplied by 100 for each animal.
Statistics. Data from males and females were analyzed separately, and statistically analyses were performed on the absolute and relative kidney weights (g), number of glomeruli/cm3, number of glomeruli per kidney, GA (!J.m2), GSI (%), BrdU TLI (%), urinary protein electrophoresis, and creatinine clearance parameters at all the time points examined. Groups were compared using Tukey's method for comparing all pairs of groups and by trend analysis (48) . For simplicity, the groups were analyzed with an ordinal scale in the following dose order: group 1 (AL), group 2, group 3, and group 4. The group averages were summarized as geometric means (44) .
RESULTS

Mortality and Morbidity
Survival of both sexes was directly related to the amount of food consumed. By study week 104, the percentage survival for group 1 (AL), 2, 3, and 4 males was 18, 44, 68, and 78%, respectively, and for the female groups survival was 18, 40, 56, and 82%, respectively.
In the group 1 AL-fed animals that died, chronic nephropathy was a common nontumor cause of early death in 24% of the males and 4% of the females. Pyelonephritis caused early deaths in 2% of the group 1 males and 2% of the group 2 females. Chronic nephropathy was not identified as a cause of death in any of the group 2, 3, or 4 DR-fed animals.
Urinary Protein Excretion and Creatinine Clearance
Urinary protein excretion data from urinalysis conducted from weeks 12 through 100 are shown in Table  1 . Urinary protein excretion was greater in the male than FIGURE 1.-Urinary creatinine clearance for males expressed on a kg body weight basis (n = 9-30 rats/group/study week). Creatinine clearance data are analyzed separately at each time point. Geometric mean and geometric standard deviation for each group are presented on the figure. Every pair of dietary groups was compared using the Tukey multiple comparison procedure. Results are listed below the graph. Any 2 groups with different letters (A, B, or C) are statistically different (p :5 0.05), while if they share the same letter they are not statistically different (p > 0.05). For each study week, the creatinine clearance was statistically significantly lower for group 1 (AL) compared with most of the other 3 groups.
the female groups. The group 1 male and female AL-fed rats had an earlier onset and more severe proteinuria than rats in any of the DR-fed groups. Analysis of urinary protein electrophoresis data at 100 weeks indicated that the females of the group 1 AL-fed group had a statistically significantly higher total urinary protein, high molecular weight protein, and low molecular weight protein values than the other DR-fed female groups. A significant decreasing trend (p < 0.05) was observed for all 3 urinary protein parameters in females. The group 1 AL-fed males had statistically significant higher values for total urinary protein and high molecular weight protein than the other DR-fed male groups. A significantly decreasing trend was observed in males for these parameters. However, no difference was observed among any of the male groups for low molecular weight urinary protein.
Mean creatinine clearances are shown in Figure 1 for males and Figure 2 for females for study weeks 39, 51, 80, and 100. When adjusted for body weight (ml/min/kg body weight), the creatinine clearance was statistically significantly lower for group 1 AL-fed animals compared to the group 2, 3, or 4 rats of both sexes for most study weeks. The increase in creatinine clearance for groups 2, 3, and 4 ranged from 10-90% above the group 1 mean for females and from 15-66% above the group 1 mean for males. These data demonstrated an early and persistent decrease in creatinine clearance in the group 1 ALfed males and females compared to the DR-fed rats in the 3 other groups. Histopathology Table 2 shows the incidence and average grade of selected renal lesions of all the rats examined at each of the 13-, 26-, and 53-week interim necropsies and the animals studied through 106 weeks and the final necropsy. The histologic changes of chronic nephropathy were observed to a variable degree in all groups; however, males were more affected than females, and the AL-fed groups had the earliest onset and the most severe renal lesions.
The degree of glomerulosclerosis, tubular basophilia, interstitial fibrosis, and inflammatory cellular infiltrates and other changes of nephropathy were individually graded. When 3 or more of these changes were present, an overall grade for chronic nephropathy was given as previously described (15, 26) . The BrdU-labeled slides showed DNA nuclear labeling in areas of tubular basophilia, cellular infiltration, interstitial fibrosis, and areas of glomerulosclerosis.
The incidence and grades of nephropathy, glomerulosclerosis, and tubular basophilia ( Table 2) indicate that group 1 AL-fed males had the earliest onset and the greatest incidence and severity of these lesions. Among the DR-fed groups, a clear dose-response was seen regarding the onset, incidence, and severity of the histological lesions with group 4 being the least affected. Segmental to diffuse glomerulosclerosis was the most severe change, and a high histological grade was associated with early mortality during the second year in the group 1 ALfed animals. FIGURE 2.-Urinary creatinine clearance for females expressed on a kg body weight basis (n = 9-30 rats/group/study week). Creatinine clearance data are analyzed separately at each time point. Geometric mean and geometric standard deviation for each group are presented on the figure. Every pair of dietary groups was compared using the Tukey multiple comparison procedure. Results are listed below the graph. Any 2 groups with different letters (A or B) are statistically different (p < 0.05), while if they share the same letter they are not statistically different (p > 0.05). For each study week, the creatinine clearance was statistically significantly lower for group 1 (AL) compared with most of the other 3 groups. Tables 3 and 4 show the results of body weight, kidney weight, GN, GA, GSI, and TLI measured at the 13-, 26-, and 53-week interim necropsies and the 106-week final necropsy. These data show that group 1 AL-fed rats of both sexes had the earliest onset and most rapid progression of the changes in all groups. The males were generally more severely affected than the females for most parameters. Body weights and kidney weights were greatest in group 1 AL-fed rats and reflected their total their daily food intake and body growth (23) . The 2 moderately DR-fed groups (groups 2 and 3) did not differ in body and kidney weights at most time points except at 53 weeks. The most restricted rats in group 4 had the smallest kidneys at all time points.
Stereology and Cell Proliferation
The number of glomeruli per kidney did not statistically differ between the 4 groups over the course of the study. When calculated as the number of glomeruli per cm2 of the cortex (data not shown), there were less glomeruli per unit area of cortex in the AL-fed group 1 compared to the DR-fed groups; however, this simply reflected the larger kidney size and thus overall nephron enlargement of the AL-fed rats rather than an absolute reduction in the number of glomeruli or nephrons per kidney. When calculated as the number of glomeruli per kidney, the data indicate that the nephron numbers do not change in SD rats with age during the development of chronic spontaneous nephropathy, but rather the patho-logical changes are in the size, structure, and function of the individual nephrons.
The GA was greatest in the group 1 AL-fed rats of both sexes compared to all the DR-fed groups. The differences in GA between the group 1 males was present in all the DR-fed male groups and the group 4 DR-fed females at week 13. The GA for each group continued to increase over the course of the study, although a slight decrease was noted in week 53. These data indicate that increased GA is the earliest morphological biomarker associated with increased kidney size and nephron growth. This increase in GA indicates glomerular hypertrophy precedes the development of glomerulosclerosis.
The GSI did not show significant differences among the groups until study week 53. The increase in GSI was greatest in the group 1 AL-fed males with decreases in the DR-fed groups according to food intake. The group 4 marked DR-fed animals had the least change in GSI over the course of this study and the least histological evidence of glomerulosclerosis ( Table 2 ). The 7-day BrdU TLI did not show significant differences among groups 1, 2, or 3 of either sex until study week 53. The group 4 TLI was lower than the other groups at week 13 and onward, suggesting that early differences in tubular DNA synthesis may reflect differences in nephron growth rather than tubular degeneration. By week 26 and onward, the increases in TLI were associated with cortical tubular basophilia. At week 53 the TLI of the group 1 AL-fed males was significantly different from all the DR-fed groups, and by 106 weeks it was increased 4-7-fold above the DR-fed groups. In the group 1 AL-fed females, the first differences of TLIs from groups 3 and 4 were seen at week 53, and they differed from all the DR-fed groups by week 106.
The average histological grades for chronic nephropathy, glomerulosclerosis, and tubular basophilia in Table  2 were consistent with the onset and progression of the quantitative stereological indices shown in Tables 3 and  4 . Glomerular or nephron numbers did not change with age. Early increased body and kidney growth and glomerular hypertrophy seen in the AL-fed group 1 at week 13 preceded the development of lesions and measurable increases in GSI and TLI. Moderate DR prevented increased kidney size and GA at week 13 and prevented increased GSI and TLI at week 53. Marked DR prevented increases in kidney size, GA, and TLI at 13 weeks and GSI at 53 weeks. The temporal and dose-related effects of increasing degrees of DR indicated early renal growth, and glomerular hypertrophy predicted the progression and preceded the development of glomerulosclerosis and tubular and interstitial lesions of chronic nephropathy. DISCUSSION Chronic nephropathy in laboratory rats results in early morbidity and mortality and remains a significant complicating factor in the evaluation of toxicity and carcinogenicity studies (4, 16, 17, 23, 24, 43) . Spontaneous chronic nephropathy is the most common non-neoplastic cause of death in 2-year studies with F344 rats and various stocks of Wistar and SD rats AL-fed a variety of diets (17, 24, 29, 42, 43) . Early unscheduled deaths from nephropathy complicate survival-adjusted statistical analyses of tumors and modify the context of observations used in those statistical evaluations (17, 23, 25) . In addition, the chronic damage and progressive loss of renal function has the potential to either mask a subtle compound-related nephrotoxicity or enhance renal injury to the remaining hypertrophied nephrons (16, 25, 43) . Thus, a need remains for an effective control of chronic nephropathy in order to avoid its adverse effects that may mask or confound detection of a true treatment effect of a test substance (16, 25) .
The most obvious adverse effect of nephropathy is on early mortality in 2-year studies. In this study chronic nephropathy was the cause of death in 24% of the males and 4% of the females among the unscheduled deaths of the AL-fed SD rats. This group also had the earliest onset, highest incidence, and highest severity of lesions associated with chronic nephropathy, indicating that this disease process was a significant contributing factor to the overall morbidity and mortality seen in the AL-fed animals. This effect on mortality was similar to that observed in this stock of SD rats in studies initiated over 10 years ago, indicating relatively little change in this SD stock's susceptibility to the spontaneous renal disease (15, (24) (25) (26) . In the present study and in previous studies, both moderate and marked DR effectively prevented mortality from chronic nephropathy, indicating that control of body and kidney growth by caloric restriction is necessary for the effective control of the complex processes known to contribute to the development of the disease (15, (24) (25) (26) .
Because nutritional factors, especially dietary protein and the fiber content and total energy intake, can modulate both experimental and spontaneous renal disease and longevity, modified diets have been proposed to control nephropathy and improve survival (1, 32, 37, 40 protein, and 2.36 kcal/g diet resulted in the animal's compensating by consuming 30% more food to maintain similar dietary energy intake, body, and kidney size to those AL-fed a standard diet containing 4% crude fiber, 23% protein, and 3.1 kcal/g of diet (15, (23) (24) (25) (26) . While the progression of glomerosclerosis was slightly improved by these dietary modifications, the overall survival did not improve if both diets were fed AL (15, 26) . If both diets were fed DR at isocaloric levels, they were equally effective in reducing body weight, kidney weight, and the relative severity of nephropathy at 12 months and sur- 13, 26 , 53, and 106, geometric means for each group.a a Each parameter is analyzed separately at each time point. Every pair of dietary groups was compared using the Tukey multiple comparison procedure. Any two groups with different letters (A, B, C, or D) are statistically different (p <_ 0.05), while if they share the same letter they are not statistically different (p > 0.05). For example, no groups were statistically different at week 13 for sclerotic index (A). For glomeruli area at any week, group 1 (A) was statistically larger than any other group, groups 2 and 3 (B) were not statistically different, while group 4 (C) was statistically smaller than any other group. vival at 24 months (15, 26) . The main improvement by feeding the modified-diet DR was in the progression of glomerulosclerosis (15, 26) . Similar results have been reported in Wistar rats, ALor DR-fed diets with reduced or modified protein content, and increased fiber content (42) . Studies of F344 rats fed modified diets replacing casein with soybean as the protein source or lowering protein content when fed AL did not reduce body weight but did decrease the relative severity of nephropathy (22, 31, 40) . However, only minor improvements in longevity resulted because few other aging processes were improved (22, 31) . Moreover, restriction of dietary protein by 40% without caloric restriction had only minor effects on survival (22, 32) . A 40% caloric restriction without protein restriction was as effective as DR with protein restriction in improving F344 rat survival (30) . AL-fed F344 rats developed more severe renal disease than DRfed F344 rats given 1.7 times the protein intake per unit body mass (22, 32) . These and other data indicate that controlling body and kidney growth by controlling dietary caloric intake is more important than lowering protein intake in preventing the development of chronic nephropathy and is essential for the increasing the longevity of rodents in long-term studies.
Studies of the pathogenesis of chronic nephropathy in rodents have placed particular emphasis on events observed in advanced lesions including glomerulosclerosi § and tubulointerstitial lesions (1, 5, 18, 21, 27, 36, 41, 46) . The current hypotheses for these advanced lesions include genetic susceptibility, loss of nephrons, increased glomerular cell turnover, increased glomerular size, and renal hemodynamic factors (2, 8, 11, 41, 46) . Though some strains of rodents are uniquely sensitive, most of the common strains and stocks of laboratory rats used in toxicology studies are susceptible to nephropathy. However, the role of a nutritional factors may account for the considerable variability in the incidence and severity of nephropathy seen within a given source of rats (4, 38, 43) . The stock of SD rats used in this study showed a remarkably similar degree of nephropathy incidence, severity, and mortality when AL-fed a standard diet that had been tested in earlier studies (15, 26) .
The loss of nephrons as a contributing factor in the development of spontaneous nephropathy was not seen in this study. Glomerular number or nephron number did not statistically differ between the AL-fed group and any of the DR-fed groups over the course of this study. This observation contrasts with conclusions from previous studies in rats in which a reduction in the GN was postulated to be a major determinant of the development of glomerulosclerosis, particularly in the presence of severe reductions of nephron mass (2, 3, 19, 41, 46, 47) . In studies of 5/6 partial nephrectomy in rats, there are glomerular hypertrophy, glomerulosclerosis, and glomerular cell proliferation (2, 19, 46, 47) . However, it has also been reported that unilateral nephrectomy does not pro- 13, 26 , 53, and 106, geometric means for each group.a a Each parameter is analyzed separately at each time point. Every pair of dietary groups was compared using the Tukey multiple comparison procedure. Any two groups with different letters (A, B, C, or D) are statistically different (p <_ 0.05), while if they share the same letter they are not statistically different (p > 0.05). For example, at week 13 glomeruli area was not statistically different for groups 1, 2, and 3 (A), but group 4 was smaller than all other groups (B). At week 26 and thereafter, glomeruli area for group I (A) was statistically larger than any other group, groups 2 and 3 (B) were not statistically different, while group 4 (C) was statistically smaller than any other group. duce glomerulosclerosis in some rats models (46) . The observations of this current study indicate that absolute loss of nephrons is not required for the development of advanced lesions of spontaneous nephropathy in SD rats.
An increase in GA was the earliest morphological event that correlated with early increases in renal weight and urinary protein excretion in the AL-fed animals. These early changes predicted the later loss of renal function as indicated by declining glomerular filtration rates and the development of severe glomerulosclerosis and tubulointerstitial lesions. These observations were consistent with earlier hemodynamic models of long-standing functional overload of the glomeruli that indicated glomerular hypertrophy was due to increased glomerular hydrostatic pressure, hyperfiltration, and altered permeability prior to the morphological changes of glomerulosclerosis (3, 19, 34, 51) . However, hemodynamic events alone may not completely explain the effects of AL feeding on the development and progression of nephropathy (9, 28, 37, 46, 50) .
In this study, the early effects of both moderate and marked DR feeding in preventing excessive body and kidney growth and effectively controlling the early development of glomerular hypertrophy and the later development of glomerulosclerosis suggests growth factors may also be important in the pathogenesis of the spontaneous disease. It has been suggested that both local and circulating growth factors are responsible for the glo-merular hypertrophy leading to severe nephropathy (8, 9, 21, 46) . Numerous studies indicate that growth hormone decreases with age, suggesting that this decline contributes to aging (45) . However, SD rats with selective growth hormone deficits were less likely to develop severe lesions than normal SD rats in a subtotal nephrectomy model (35, 49) . Transgenic mice chronically overexpressing growth hormone and growth hormone-releasing factor rapidly developed glomerulosclerosis and declining renal function, compared to controls (7, 46) . In aged, senescent male and female SD rats with spontaneous nephropathy, a correlation has been demonstrated between elevated endogenous growth hormone levels and the severity of renal disease (13) . These observations support the results in the current study and indicate that control of growth factors important in body and renal growth are essential to any strategy that attempts to modulate nephropathy in laboratory rats.
The effects of chronic glomerular hyperfiltration and protein loss are thought to affect the progression of glomerular hypertrophy by inducing mesangial cell proliferation and excessive matrix synthesis leading to sclerosis (19, 34, 37, 51 ) . While studies of isolated mesangial cells from kidneys of aging F344 rats did not demonstrate changes in mesangial cell calcium signaling, contraction, or proliferative responses with aging, the mesangial cells from the aged F344 rat kidneys did retain their ability to respond to growth factors such as platelet-derived growth factor (33) . The data derived from these mesangial cell studies further indicate that growth stimuli are necessary for the progression of the glomerular changes to sclerosis (7-9, 33, 35, 49, 50) . It appears that excessive renal hypertrophy occurs to compensate for decreases in effective glomerular filtration as a response to growth factors generated in the glomerulus (ie, platelet-derived growth factor from endothelium) or exogenous growth factors such as growth hormone (7-9, 21, 33, 35, 49) . A basic question in renal aging is whether prevention of this excessive renal hypertrophy also prevents the development of glomerulosclerosis. The present study in SD rats supports the hypothesis that continued renal hypertrophy is required for disease progression. The AL-fed rats had the greatest increase in body and renal size and glomerular hypertrophy over time without decreases in nephron number throughout the study. As a result of this early and persistent renal growth, the AL-fed animals developed the most severe glomerulosclerosis (GSI) and subsequent tubulointerstitial changes (TLI) during the second year. In contrast, all the DR groups had a significant prevention of the early and persistent body and renal growth, glomerular hypertrophy, and proteinuria seen in the ALfed group and the longest delay in the development of increases in GSI and TLI.
The temporal events of chronic nephropathy observed in this study indicate that early glomerular changes initiate the disease process, but tubulointerstitial changes developing late were an essential indicator of disease progression. The morphological appearance of tubular basophilia and increases in BrdU TLI were late events and most severe in the AL-fed animals of both sexes. It has been suggested that increased, persistent urinary protein excretion induces renal tubular cell injury and increases the local generation of growth factors such as angiotensin II, transforming growth factor 13, and other cytokine signals leading to tubular cell hypertrophy, basophilia, and interstitial fibrogenesis (36, 41, 46) . In addition, the development of sclerosis in the glomerular vasculature is associated with compromise of the efferent arteriolar blood supply that impairs the peritubular capillaries and vasa recta blood supply leading to chronic tubular hypoxia, cell injury, and apoptosis (27) . Attempts at tubular regeneration are seen as tubular basophilia with increase DNA synthesis. The continued release of vasoactive and inflammatory substances into the interstitium may stimulate local fibroblast proliferation and increase interstitial inflammation leading to interstitial renal scarring and end stage kidney disease (36, 41) .
The results of this cross-sectional and longitudinal study support the hypothesis that the progression of chronic nephropathy in SD rats depends on persistent renal growth and can be controlled or prevented effectively by moderate DR alone. AL feeding results in initial nephron and glomerular hypertrophy without changes in nephron number that leads to glomerulosclerosis and subsequently to tubulointerstitial lesions. The effects of moderate and marked DR in controlling body and kidney growth, glomerular size, the development and progression of the lesions of nephropathy, and the resultant mortality from renal failure support this conclusion. These results are consistent with previous studies that demonstrate that the dietary modifications, such as reduced protein content or increased fiber content, are not as effective as caloric restriction by DR in preventing the progression and mortality from nephropathy observed in AL-fed laboratory rats (15, 24, 30, 31, 42) . However, feeding modified diets by moderate DR allows isocaloric comparisons of different diets and permits the effects of the dietary modification to be determined in a controlled manner (23) (24) (25) (26) .
The effects of AL overfeeding on persistent renal growth and the progression of chronic nephropathy in laboratory rodents needs to be recognized as an uncontrolled, determinant error in the bioassay (23, 25) . Chronic nephropathy can compromise toxicity studies and cause considerable study to study variability (16, 17, 43) . The use of moderate DR feeding will provide a better controlled animal model with a lower incidence or delayed onset of chronic background diseases such as chronic nephropathy. Moderate DR is operationally simple, allows isocaloric comparisons of different diets, and provides significant health benefits by improving longevity, controlling adult body weight, reducing obesity, and reducing or delaying age-related spontaneous tumors, cardiovascular, endocrine, and renal diseases (15, (23) (24) (25) (26) 42) . In addition, the improved health and survival will increase the exposure of animals to a test substance on chronic toxicity or carcinogenicity studies and thus has the potential to increase the statistical sensitivity of the assay to detect true treatment effects (23, 25) . A moderate DR regimen of 70-75% of the maximum unrestricted adult AL food intake will prevent mortality and delay the onset and progression of chronic nephropathy and other spontaneous background diseases in the rat bioassay. This procedure is being used successfully as a nutritionally sound method to control chronic nephropathy, reduce interstudy variability, and result in a more uniform bioassay system for toxicity and carcinogenicity studies (23, 25) .
